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Within the field of bioengineering, simulated body fluid (SBF) has
been widely implemented as a technique to screen for the bioactivity of
materials. Of significance, SBF can be used in the biological industry
to promote the adhesion of apatite coatings to assist with making mate-
rials more biomimetic. CO, and KrF excimer lasers were used for the
surface engineering of nylon 6,6 to modulate apatite formation follow-
ing immersion in SBF for 14 days. Following CO, laser surface engi-
neering the surface roughness increased to a maximum R, and S, of 1.3
and 4.4 um, respectively; whilst a maximum increase in surface oxy-
gen content of 5.6 at.% was observed. CO, laser-induced surface mod-
ifications gave rise to a modulation in the wettability characteristics
such that the contact angle, 0, decreased for whole area processed
samples and increased for patterned samples. For the KrF excimer
laser surface engineered samples it was found that S, increased by up
to 1.5 um when compared to the as-received sample. It was seen for all
samples that calcium phosphate formed on each surface following 14
days emersion in SBF. An increase in mass for the laser processed
samples indicated that these modified surfaces gave rise to an acceler-
ated formation of apatite when compared to the as-received sample.
This, along with strong correlations between 0, the surface energy
parameters and the calcium phosphate formation (for whole area pro-
cessed samples) highlights the potential for this surface treatment tech-
nique for predicting and enhancing the bone forming ability of laser
processed materials.
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1 INTRODUCTION

To determine the bioactivity and biofunctionality of materials, simulated body
fluid (SBF), which is a metastable calcium phosphate solution, has been exten-
sively implemented within the bioengineering industry [1, 2]. The increased
use of SBF within this field is a result of the fact that, for almost all orthopaedic
materials, there is a strong, correlative link between the ability to form bone-
like carbonate apatite crystals and the osseointegration potential of that material
[2-4]; furthermore, this very important apatite crystal layer is associated with
specific bone proteins that are significant for bone reconstruction [5].

Various materials such as metals, ceramics and polymers have been used
for biomedical applications [6-10]. Nylon is a low cost, semi-crystalline ther-
moplastic and has been used for such biological applications as sutures, vas-
cular grafts and other hard tissue implants [11]. Although there is an increased
focus on polymers by industry on account of their relative inexpensive cost
and ease of manufacturing manipulation, many polymers do not possess suf-
ficient surface properties to give rise to adequate osseointegration [9, 12].
This can lead to discomfort to the patient, increased need for corrective sur-
gery and an increase in the economic costs involved. Through surface modi-
fication of polymeric materials it is believed that their surfaces can be
enhanced to lend them to more biological applications [9, 12-14].

Laser surface engineering holds a number of benefits over competing tech-
niques [7] such as it can be accurate, precise, flexible and non-contact. In
addition, lasers enable one to have the ability to modify both the surface
topography and surface chemistry, keeping the bulk material unchanged. The
modification of both the surface chemistry and topography on micro- and
nano-scales can also be seen to lend itself to have a major impact on the mate-
rial wettability characteristics [15-17]. Furthermore, lasers also offer the
opportunity of inducing varying and predictable levels of topography/rough-
ness depending on how the laser is employed. For instance, periodic patterns
can be induced using a focused beam [18, 19] whereas a more random pattern
can be employed using a larger, more divergent, laser beam [20, 21].

There is an increasing demand for biological implants and biological ther-
apies [22] on account of an ageing worldwide population. On account of this,
it is of critical importance for the bioengineering industry to devise and
implement a cost-effective and practically efficient method to manufacture
cheap implants and platforms upon which to grow various cell lines such as
mesenchymal stem cells. Surface treatment techniques currently available
within the bio-technology industry for surface modification are somewhat
limited and expensive, involving numerous processing steps [9, 23-25]. This
will have a major impact upon the industry insofar as it will hinder expansion
and seriously limit the applications for polymers due to insufficient surface
properties. Previous work has shown that these laser-induced surface modifi-
cations have a relationship with the wettability characteristics for polymers
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[12, 26, 27]. Furthermore, it has been evidenced that there is a relationship
between the wettability characteristics and bioactive nature of the nylon 6,6
in terms of osteoblast cell growth [12, 26, 28].

Due to the importance and great need for more efficient polymeric biomateri-
als, this work details the flexible use of two different lasers (CO, laser and KrF
excimer laser) for the surface engineering of nylon 6,6. The effects on surface
topography, surface chemistry and wettability/adhesion are discussed. In addi-
tion, the implementation of the SBF screening method is discussed to show that
laser surface engineering can be implemented to modulate the biofunctionality
of nylon 6,6 and is a technique which can be readily applied to polymeric mate-
rials to meet the needs and demands of the bioengineering industry.

2 EXPERIMENTAL TECHNIQUES

2.1 Materials details

The nylon 6,6 material was used in 100 x 100 mm? sheets and had a thickness
of 3mm (Goodfellow Cambridge, Ltd.). To obtain conveniently sized samples
a continuous wave (CW) 1 kW CO2 laser (Everlase S48; Coherent, Ltd.) was
employed to cut the sheets into circular samples with diameters of 25 mm.

2.2 Laser surface engineering apparatus and procedures

2.2.1 CO, laser surface engineering

In order to generate the required marking pattern with the 10 W CO, laser
system (10 W; Synrad, Inc.), Synrad Winmark software version 2.1.0, build
3468 was used. Further details of the CO, laser set-up is provided in [21].

For the CO, laser surface patterned samples, four patterns were induced
onto the surfaces of the nylon 6,6 samples; these were 50.0 um spaced
trenches (CT50), 50.0 um spaced hatch (CH50), 100.0 um spaced trenches
(CT50) and 100.0 pm spaced hatch (CH100). For the CO, laser surface pat-
terning the laser power was set constant to 70% (7 W) with a constant scan
speed of 600 mm/s.

For relative large area processing, a CW 100 W CO, laser (DLC; Spec-
tron, Ltd) was used to scan a Smm diameter beam across the target sample
with one pass in order to irradiate the test area with an irradiance of 510 W/
cm. Scanning speeds of 150, 100, 75, 50, 25 and 20 mm/s were used to irradi-
ate six samples with effective fluences of 16.84 (samples CWA17), 25.51
(sample CWA26), 34.18 (sample CWA34), 51.02 (sample CWAS51), 102.04
(sample CWA102) and 127.55 (sample CWA128) J/em?, respectively.

2.2.2 KrF laser surface engineering
A 248 nm KrF excimer laser (LPX 200i; Lambda Physik, Inc.), using two

different configurations, was used to carry out the patterned and large area
processing.
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For the patterned experiments the repetition rate was kept constant at 25
Hz, with a number of 10 pulses per site and used Aerotech CNC program-
ming to induce the required pattern. The patterns induced using this tech-
nique were 50.0 um trench (T50), 100.0 um trench (T100), 50.0 um hatch
(H50) and 100.0 um (H100).

For the large area processing the raw 23 x 12mm? beam was used to irra-
diate a large section of each sample at a time. For the large area processing
experiments 6 samples where irradiated; these being 100 pulses at 100 mJ
(WA100), 100 pulses at 150 mJ (WA150), 100 pulses at 200 mJ (WA200),
100 pulses at 250 mJ (WA250), 500 pulses at 250 mJ (WA250_500) and 1000
pulses at 250 mJ (WA250_1000). This gave fluences of 36 13, 54 £5, 72 £8
and 91 £10 mJ/cm?, respectively for the different energies used. Throughout
the large area KrF excimer laser experiments the repetition rate was kept
constant at 25 Hz and Aerotech computer numerical control (CNC) program-
ming ensured that the correct number of pulses was applied to each sample.
Further details of the KrF excimer laser set-up is provided in [20].

2.3 Analytical techniques

Ultrasonic cleaning in isopropanol (Fisher Scientific Ltd., UK) for 3 minutes
was carried out to remove any debris which may have formed during the laser
processing. Surface profiles were determined using a white light interferom-
eter (WLI) (NewView 500; Zygo, Ltd.) with MetroPro and TalyMap Gold
Software. Further details of the surface profiling is provided in [21].

In accordance with Rance [29] the samples were analysed using a goniom-
eter (OCA20; DataPhysics Instruments, GmbH) to determine various wetta-
bility characteristics. Further details of the contact angle, 6, measurements are
given in the work of Waugh and Lawrence [28]. In addition, all samples were
analysed using X-ray photoelectron spectroscopy (XPS) analysis. This allowed
any surface modifications in terms of surface oxygen content due to the laser
irradiation to be revealed. Further details of the XPS analysis is given in [20].

2.4 Apatite coating formation and analysis

The SBF protocol was implemented in accordance with [20]. Prior to using
the SBF all of the samples and apparatus to be used were autoclaved. The
samples were then placed into sterile 30ml glass containers, immersed in
30ml of SBF and placed into an incubator to keep the temperature constant at
37°C for 14 days.

Prior to the implementation of the SBF screening protocol, the nylon 6,6
samples were weighed using a balance (S-403; Denver Instrument, GmbH)
with a readability of 1 mg. The samples were weighed, fully dry, before and
after the SBF immersion in order to ascertain the weight difference before
and after the experimentation. Following this, samples were Au coated and
analysed using a scanning electron microscope (SEM) and energy dispersive
X-ray (EDX) (TM3030 Plus; Hitachi Corporation).
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3 RESULTS AND DISCUSSION

3.1 Effects of laser surface engineering on topography

As expected, using a CO, laser to scan a predetermined pattern across the
nylon 6,6 surfaces elicited a significant variation in topography when com-
pared to the as-received sample (AR). This is more apparent when comparing
the three-dimensional (3-D) profiles and profile extractions of the as-received
sample (see Figure 1) and the laser patterned samples (see Figure 2).

Comparing Figure 1 and Figure 2 the CO, laser-patterned samples had
rougher surfaces with maximum peak heights around 2.0 pm. As a result of
this, the surface roughness (see Figure 3) increased considerably with the
largest Sa of 0.4 um being achieved with sample CH50. Samples CT50 and
CHS50 had greater Sa roughness values when compared to CT100 and CH100
on account of the 50.0 um scan patterns irradiating a larger area, increasing
the amount of material undergoing melting and re-solidification. Figure 2
also allows one to see that there was further evidence of considerable melting
on account of one being able to identify craters left from evolved gases break-
ing at the surface. This is especially apparent for sample CWA102 and sam-
ple CWA128.

With regards to the scanned pattern, sample CT50 and sample CH50 gave
rise to the smallest periodicity. This can be accounted for by overlapping of
the scanned pattern due to the laser beam spot size, incident on the surface,
being approximately 95.0 pm. This also provides an explanation as to why
the Sa increased as for samples CT50 and CH50, which had up to a three-
times larger Sa values compared to the other CO, laser surface engineered
samples. The CO, laser whole area surface engineering of the nylon 6,6 elic-
ited a significantly modified surface, especially for sample CWA102 and
CWA128, which had considerably higher fluences incident on the surface.

Through excimer laser patterning (see Figure 4(a) and Figure 4(b)) the
surface of the nylon 6,6 had been greatly modified. Trench depths of between
1 um and 5.0 um was observed for the laser set-up which was implemented.
For the excimer laser large area surface engineered samples (see Figure 4(c)

70.279um

3402.8um

3490.2um

FIGURE 1
Continuous axonometric 3-D image and profile extraction for the as-received sample (AR).



82 D.G. WAUGH AND J. LAWRENCE

17.948um

3490.2um
3402.8um

22.92um

3490.2um

3402.8um

(b)

(d)
FIGURE 2
3-D images for selected samples (a) CT50, (b) CH100, (¢) CWA17 and (d) CWA128.
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FIGURE 3

Graph showing average increase in mass following immersion in SBF and the surface roughness
for each sample.

and Figure 4(d)), they had a similar topography to that of the as-received
sample (see Figure 1). With this in mind, it is likely that the nylon 6,6 material
did not ablate due to the threshold fluence not being surpassed [30].

Comparing the two laser processed used within this work, the result show
that the excimer laser surface engineering (see Figure 3) gave rise to a more
accurate and repeatable means of modifying the topography and roughness of
the nylon 6,6 samples. This is due to the wavelength of the two lasers giving
rise to different laser-material interactions [31].

3.2 Effects of laser surface engineering on surface chemistry and
wettability characteristics

For a hydrophilic material such as nylon 6,6 an increase in roughness and
surface oxygen content should bring about a reduction in 6 [32, 33]. Having
said that, the data obtained and shown in Figure 3 and Figure 5 indicate that
the CO, laser surface-patterned samples gave rise to an increase in 6 of up to
10°. It was also observed for the KrF excimer laser surface-patterned samples
which gave rise to an increase in 6 of up to 24°. This phenomenon can be
explained by the existence of a mixed-state wetting regime [27, 34] in which
both Cassie-Baxter and Wenzel regimes coexist. This mixed-state wetting
regime can also account for the observed reduction in polar component, Y,
and total surface free energy y" (see Figure 5(b)).
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(b)
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FIGURE 4
3-D images for selected samples (a) T100, (b) H100, (¢) WA100 and (d) WA250_1000.
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FIGURE 5

Graphs showing average increase in mass following immersion in SBF against (a) contact angle
and (b) surface energy parameters for each sample.

As shown in Figure 5, both the CO, and excimer laser whole area surface
engineered samples gave rise to a reduction in 6 of up to 20° compared to the
as-received sample. This corresponded with current theory such that the
reduction in 0 arose from the increased surface roughness.
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FIGURE 6

Graph showing average increase in mass following immersion in SBF and the surface oxygen
content for each sample.

Figure 6 gives the surface oxygen content for all samples and it was observed
that for most of the laser surface engineered samples the surface oxygen con-
tent increased by up to 5% at. when compared to the as-received sample
(AR). This slight modification with a small increase in surface oxygen indi-
cates that the significant variation in nylon 6,6 surface topography brought
about the distinct change in wettability.

3.3 Effects of laser surface engineering on apatite coating formation
Following immersion in SBF only a very small amount of sediment was pres-
ent on the as-received sample (see Figure 7) in comparison to the laser sur-
face engineered samples (see Figure 8 and Figure 9). Through CO, laser
surface engineering (see Figure 8(a) and Figure 8(b)) it was observed that the
apatite sediment preferentially formed around craters that were formed on
account of evolved gases breaking at the surface during the laser-induced
melting. In a similar fashion (see Figure 9), it was observed for the excimer
laser patterned samples that the apatite preferentially formed around the
ablated tracks induced in to the nylon 6,6 material. This is significant as it
indicates that these types of laser processing could give rise to cell growth
directionality and provide a means to achieve areas on the surface of poly-
meric materials for preferential biological cell growth.

It is also significant to note that all laser surface engineered samples gave
rise to an increase in mass, Ag (see Figure 6). This can be accounted for by
the increase in apatite formation on the sample surfaces. Samples CT50,
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FIGURE 7
SEM micrograph of the as-received sample following immersion in SBF.

CT100, CH50 and CH100 gave rise to a larger increase mass when compared
to the as-received sample (AR) and the excimer laser processed samples by
up to 15mg. For the CO, laser whole area processed samples Ag increased
considerably when compared to the as-received sample (AR). The increase in
Ag for the CO, laser whole area processed samples had increased by at most
50 mg. In comparison to the excimer laser whole area processed samples the
CO, laser gave rise to a larger increase in apatite formation. Having said that,
the excimer laser whole area processed samples gave rise to an increase in Ag
of up to 20 mg compared to the as-received sample. Another factor which can
be taken from Figure 6 is that the increase in mass steadily increased from
sample CWA17 to sample CWAS1 which gave the largest increase in mass of
50mg. This suggests an operating window of between 17 and 51J/cm? to
achieve the optimum surface to promote apatite formation.

In order to confirm the existence of apatite on the surface of the samples
studied, Figure 10 shows the surface elemental data for the as-received sam-
ple (AR) and a typical CO, laser surface modified nylon 6,6 sample, indicat-
ing that both phosphorous and calcium were present, following the formation
of the calcium phosphate apatite. This is of importance due to phosphorous
and calcium having to be present to inherently increase the biomimetic nature
of the material in terms of the bone-bonding and osseointegration ability.

Figure 5(a) shows the increase in mass for each sample in relation to the
laser-modified 0. As the mass increase for the excimer laser processed sam-
ples was small any relationships between the surface properties and Ag was
difficult to ascertain. It was also found that for the CO, laser-induced pat-
terned nylon 6,6 samples was no correlation between the level of apatite for-
mation and the laser-modified 6. This could be owed to the transition in
wetting regime playing a significant role in the biomimetic nature of the
nylon 6,6 samples. The CO, laser whole area laser processed sample, on the
other hand, did show a relationship between Ag and the laser-modified con-
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(b)

FIGURE 8
SEM micrographs of sample (a) CT50, (b) CH50, (c) CWA26 and (d) CWA128 following
immersion in SBE.
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(d)
FIGURE 9

SEM micrographs of sample (a) T100, (b) H100, (¢) WA250_500 and (d) WA250_1000 follow-
ing immersion in SBF.
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FIGURE 10

EDX spectra of (a) the as-received sample (AR), (b) a typical CO, laser surface engineered
sample and (c) a typical KrF Excimer laser surface engineered sample following immersion in
SBF after 14 days.

tact angle. That is, for samples CWA17, CWA26, CWA34 and CWAS1 the
increase in laser-modified O elicited an increase in Ag. Then for samples
CWA 102 and CWA128, with an increase in fluence, 6 decreased leading to an
increase in Ag. This could be due to the material becoming too hydrophilic,
hindering the initial protein adsorption required [12].

From Figure 5(b) it was determined that there was no correlative relation-
ship between Ag for the CO2 laser patterned samples and Y* which can be
attributed to the transitions in wetting regime. This was also the case for the
excimer laser patterned samples. For both the CO, and excimer laser whole
area processed samples it was observed that an increase in 7P, an increase in
¥" and an increase in surface in oxygen content (see Figure 6) results in the
nylon 6,6 to become more hydrophilic. As a result, this appears to have had a
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significant positive impact upon the formation of apatite when the samples
were immersed in SBE.

Upon collating all of the contact angle, surface free energy and increase in
mass data for all laser surface engineered samples (see Figure 11), it was pos-
sible to consider the overall relationship between the laser-modified surface
properties studied and the apatite formation. With the exception of the CO,
laser whole area processed nylon 6,6 samples, Figure 11(a) shows that the
mass increase, Ag, decreased on account of the laser-modified 6 increasing.
In a similar fashion, Ag was an increasing function of the surface free energy
components, Yy (see Figure 11(b)) and YT (see Figure 11(c)). It should be
noted though, that the KrF excimer laser processed samples appeared to fol-
low these trends more than the CO, laser surface engineered samples. This
suggests that the dominant parameters to determine apatite adhesion could be
very much dependent on the wavelength employed. This stands to reason as
it is the laser wavelength which determines the laser-material interaction and
would likely elicit different material surface changes.

Finally, it should be noted that overall there was no observed correlation
between Ag and the surface roughness and Ag and the surface chemistry. This
could imply that wetting transitions play a major role in the adhesion of apa-
tite to the surface of laser surface engineered nylon 6,6.

By taking into account all of the parameters it can be seen that for the
majority of laser surface engineered nylon 6,6 0 and the surface free energy
components have the potential to be implemented as an indicative tool to
allow one to estimate the apatite response of a laser-modified polymeric
material. On the other hand, owed to the likely transition in wetting regime
proposed having a great effect on the adhesion properties for the laser-induced
patterned samples it should be noted that further work in this area is required
to confirm the potential trends identified within this work.

4 CONCLUSIONS

By implementing two different laser types for discrete patterning and large
area processing it has been shown that laser surface engineering has the abil-
ity to modify the surface topography, surface chemistry and the wettability/
adhesion characteristics of nylon 6,6. What is more, it has been shown that
these laser-induced surface modifications can optimize the surface to provide
a more efficient platform to promote the formation of apatite, enhancing the
biomimetic nature of the nylon 6,6.

For the laser patterned samples (CO, laser and excimer laser) the contact
angle, 6, increased by up to 24° when compared to the as-received sample. In
contrast, the large area laser processed samples gave rise to 0 either equiva-
lent to the as-received sample or less by up to 20°. For the laser patterned
samples, the observed increase in 0 is owed to the decrease in surface free
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energy components on account of a transition in wetting regime to a mixed
state. For all samples it the laser surface engineering elicited a positive
response with regards to apatite formation in that more apatite preferentially
formed on the laser engineered samples compared to the as-received sample.
It should be noted that the largest increase in mass, Ag, owed to the apatite
formation was found on the CO, laser whole area processed samples up to an
incident fluence of 51 J/cm?. It is believed that beyond this fluence the nylon
6,6 surface became too hydrophilic giving rise to apatite formation results
similar to that of the other samples. Having said that, it was found that all
laser surface engineered surfaces had an enhanced biofunctionality compared
to the as-received sample.

The results within this study show how a polymeric material can be modi-
fied to become more biomimetic. With this in mind, laser surface engineering
can be seen as a strong candidate to provide the bioengineering industry with
a technique to meet the increasing socio-economic demands of an ageing
worldwide population.
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